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Introduction
Flavour changing up-up or down-down type quark transitions are rare in the Standard Model (SM). Apart from being forbidden at the tree level, they are further suppressed at the loop level by the off-diagonal CKM elements, GIM suppression and for di-leptonic decays also helicity suppression. Although it is experimentally challenging to separate the rare modes from large SM background, the observables in these rare processes are sensitive to New Physics (NP) effects far beyond the energies directly accessible in colliders.
Rare decays can be described in an effective field theory. Using an effective Hamiltonian the B decay amplitude can be schematically written as
where G F is the weak coupling constant, λ CKM are the CKM elements, C i are the Wilson coefficients containing perturbative short-distance effects (evaluated at the energy scale µ b ) and Q i denote the operators containing the non-perturbative and long-distance effects. Three types of operators are relevant for the B decays discussed here: the electromagnetic penguin operator (Q The most recent global b → sl + l − (γ) analyses 1,2,3 agree that there are tensions between the Wilson coefficients preferred by the data and the values predicted in the SM. The tension is driven by the measured B 0 → K * µ + µ − angular observables 4 and several differential branching fractions of b → sl + l − type decays 4,5 which tend to be lower than their SM predictions a . These tensions could be explained by short-distance contributions from new particles or indicate a problem with the SM hadronic contributions predictions.
2 Resonance effects in the vector current (C 9 )
One way to explain the tension within the SM is to allow for sizeable long-distance effects in di-muon mass regions far from the pole masses of the resonances. LHCb studies this possibility in a B + → K + µ + µ − analysis that includes the resonances and measures the relative phases of the short-distance and the narrow-resonance amplitudes in a wide di-muon mass spectrum.
The results are determined from a fit to the CP-averaged differential decay rate of B + → K + µ + µ − decays in Run 1 LHCb data:
where k is the kaon momentum in the B + meson rest frame, m K , m B , m s , m b and m µ are the respective particle masses, β 2 = 1 − 4m 2 µ /q 2 and the constants G F , α, and V tq are the Fermi constant, the QED fine structure constant and CKM matrix elements. The f 0,+,T are the scalar, vector and tensor B → K form factors. The Wilson coefficient C 7 is small and fixed to the SM value. The coefficient C 9 is redefined to include the long-distance effects from the hadronic resonances:
The di-muon mass distributions of the resonances, A res , are modelled with a Flatté function for ψ(3770), and with Breit-Wigner functions for the ω, ρ 0 , φ, J/ψ, ψ(2S), ψ(4040), ψ(4160), and ψ(4415) resonances. The widths of all the resonances and the pole masses for all except the J/ψ and the ψ(2S) are fixed to their known values. Contributions from other broad resonances and the hadronic continuum states are small and ignored at this point. Instead, the short-distance contribution is normalised to the B + → J/ψ(→ µ + µ − )K + decays and the magnitudes of (η j ) and the relative phases (δ j ) between the resonances and the short-distance contribution are allowed to vary in the fit. The fit to the di-muon mass spectrum is shown in Figure 1 . Four solutions arise due to the ambiguities in the signs of the J/ψ and ψ(2S) phases. The values of the J/ψ phases are compatible with ± π 2 , which means the interference with the short-distance component in dimuon mass regions far from the resonances is small. The measurement of the Wilson coefficients C 9 and C 10 prefers |C 9 | > |C SM 9 | and |C 10 | < |C SM 10 |. If C 10 is constrained to its SM value, then the fit prefers |C 9 | < |C SM 9 | which is in agreement with the global analysis 9 . The branching fraction for the short-distance component alone is:
a The new ATLAS and CMS B 0 → K 0 * µ + µ − angular analysis results were presented at Moriond EW 2017. In case of the simplest vector-current NP scenario in C9, the latest CMS result decreases and the ATLAS result increases the deviation from the SM value. If both results are included in the global analysis then the results are consistent with the previous picture and the tension remains strong 6, 7, 8 . which is in good agreement with the previous result from the exclusive analysis 5 . Note that unlike the previous measurement, the branching fraction in Equation 4 does not rely on extrapolation over the excluded q 2 regions.
The very rare decays
The scalar (C S ) and pseudo-scalar (C P ) Wilson coefficients can be determined in the fully leptonic B decays. In the SM these modes are dominated by the helicity suppressed axial-vector current (C 10 ) contributions and the branching fractions are very precisely predicted 10 . The latest parametric input values b reduce the relative uncertainty on the B 0 s → µ + µ − branching fraction to 4.5% 11 :
Although negligible in the SM, the (pseudo-)scalar contributions are free of the helicity suppression. The di-leptonic decays of B mesons are therefore particularly sensitive to new (pseudo-)scalars c . The B 0 s → µ + µ − and B 0 → µ + µ − decays have been experimentally searched for since 1985. The B 0 s → µ + µ − decays were finally observed in the combined CMS and LHCb Run 1 analysis 13 . The measured B 0 s → µ + µ − branching fraction was lower than but compatible with the SM prediction. In combination with the unexpectedly high B 0 → µ + µ − candidate yield, the relative B 0 → µ + µ − and B 0 s → µ + µ − branching fraction ratio deviated from the precise SM expectation d by 2.3σ.
The measured B 0 s → µ + µ − significance in the Run 1 ATLAS data remains below the evidence level (2σ) 14 . The B 0 → µ + µ − yield in ATLAS data is compatible with the background expectations and ATLAS sets an upper limit on the B 0 → µ + µ − branching fraction at 4.2 × 10 −10 (95% CL). Given the large uncertainties, the results are in agreement with both the SM predictions and the combined CMS and LHCb results. TeV. This time the selection is optimised for the B 0 → µ + µ − mode and the signal detection efficiencies are estimated individually for each mode in order to account for the small differences. Several key steps of the analysis are significantly improved with respect to the Run 1 analysis 15 : the rejection power of the most dangerous background contributions from the doubly mis-identified B 0 (s) → h + h ( )− modes is increased by 50% at the expense of only 10% of the signal loss; the multivariate Boosted Decision Tree classifier that separates the true two-body decays from the random combinations now includes new Boosted Decision Tree based muon isolation variables; the background estimates for B 0 (s) → h + h − , B 0 → π − µ + ν µ , and B 0 s → K − µ + ν µ are validated by fits to the π − µ + and K − µ + invariant mass spectra in data after correcting for the hadron-to-muon mis-identification probabilities.
The relative B 0 s and B 0(+) meson production fraction (f s /f d ) value measured by the LHCb on the Run 1 data 16 is used in normalising the signal branching fractions in both runs. The f s /f d at the higher proton-proton collision energy in Run 2 is determined by comparing the ratio of the efficiency corrected B 0 s → J/ψφ and B + → J/ψK + yields in Run 1 and Run 2 data. The relative yields are stable and the Run 2-to-Run 1 ratio is included in the Run 2 normalisation as a constraint from an auxiliary measurement to account for the uncertainty.
The most recent LHCb B 0 (s) → µ + µ − results using the full Run 1 data sample and L = 1.4 fb
of Run 2 data are 17 :
This is the first observation of the B 0 s → µ + µ − decay by a single experiment. The measured branching fraction is the most precise result currently available. The result does not confirm the B 0 → µ + µ − excess seen in the Run 1 analysis. Overall the agreement between the measured signal branching fractions and the SM predictions has improved (Figure 2) .
The implications of the new LHCb B 0 (s) → µ + µ − results are discussed in several papers 18, 11, 19 . The B 0 s → µ + µ − branching fraction is found to be especially useful for probing the high multi-TeV mass region of the Two-Higgs-Doublet models in decoupling regime and of the models with leptoquarks. In the case of a model independent C S = −C P scenario e the current situation leads to two equivalent solutions for the (pseudo-)scalar coefficients: one with SM like values and one corresponding to sizeable deviations 18 . The degeneracy can be solved by measuring the B 0 s → µ + µ − mass-eigenstate-rate-asymmetry:
which is +1 in the SM but could be as low as −1 if NP is involved. The mass-eigenstate-rateasymmetry can be determined from the B 0 s → µ + µ − effective lifetime 20 . In the latest analysis LHCb shows that the measurement is possible even with the very limited available statistics. The best B 0 s → µ + µ − candidates according to the Boosted Decision Tree classifier and the muon identification criteria (Figure 3 ) are used to determine the B 0 s → µ + µ − effective lifetime:
The measurement is compatible with the heavy B eigenstate lifetime of τ H = (1.615±0.01) ps as expected in the SM. Due to large statistical uncertainty, no conversion to mass-eigenstate-rateasymmetry is attempted at this point. The result is found to be compatible with A ∆Γ = +1(−1) at 1.0σ(1.4σ). 
From all the di-lepton modes, helicity suppression affects B 0 s → τ + τ − decays the least. The SM branching fraction prediction for the tauonic mode is 10 :
which could be enhanced by a factor of ∼ 10 3 in the NP interpretations of the lepton flavour universality anomalies 21, 22 . The BaBar collaboration has previously set a limit on the B 0 mode 23 : B(B 0 → τ + τ − ) < 4.1 × 10 −3 (95% CL). LHCb searches for the B 0 (s) → τ + τ − decays where the tau leptons decay into pions and a neutrino: τ ± → π ± π ∓ π ±ν τ . The analysis makes use of the intermediate resonance ρ(770) → π + π − to improve the signal selection. The results based on the Run 1 data lead to the most stringent limits yet 24 :
Since neither mode has been experimentally observed, the limits are set by assuming one or the other neutral B meson mode. Neutral kaon decays to the µ + µ − final state have been measured for the K L mass-eigenstate. According to the SM, the K S → µ + µ − decays are expected to occur at a very low rate 25 : (5.0 ± 1.5) × 10 −12 . NP effects (e.g. from light scalars) could raise the SM rate up to the level of 10 −10 while still avoiding constraints from the other measurements. The most stringent experimental limit on K S → µ + µ − was set by the LHCb analysis on 1 fb −1 of the Run 1 data 26 at B(K 0 S → µ + µ − ) < 11 × 10 −9 (95% CL). Using its full Run 1 data sample, LHCb improves the limit 27 :
Note that this is a preliminary limit and is expected to improve after optimising the trigger and selection criteria. 
is in agreement with the long-distance dominated SM prediction. The di-muon invariant mass of the candidates, however, is clustered around m X 0 = (214.3 ± 0.5) MeV/c 2 . The possibility of a (short-lived) di-muon resonance is investigated by the LHCb in several decay modes. A direct search in Run 1 data shows the Σ + → pµ + µ − signal with a significance of 4.0σ 29 . A scan along the di-muon invariant mass plane shows no evidence for resonances. The precision of the branching fraction measurement is expected to be comparable to the precision of the HyperCP result.
Decays of (pseudo-)scalars into muons could also affect the branching fraction of the very rare mode B 0 (s) → µ + µ − µ + µ − and significantly enhance the low SM rate 30 (∼ 3.5 × 10 −11 ). LHCb searches for the four-muon B modes in the full Run 1 dataset. No signal is found and LHCb considerably improves the existing limits:
B(B 0 → S(µ + µ − )P (µ + µ − )) < 6.0 × 10 −10 ,
where all the limits are estimated at 95% confidence level and for the last two limits m S = 2.6 GeV/c 2 and m P = 214.3 MeV/c 2 are assumed 31 .
